Purpose: Ischemia-related processes associated with the generation of inflammatory molecules such as reactive oxygen species (ROS) are difficult to detect at the acute stage before the physiologic and anatomic evidence of tissue damage is present. Evaluation of the inflammatory and healing response early after an ischemic event in vivo will aid in treatment selection and patient outcomes. We introduce a novel near-infrared hydrocyanine molecular probe for the detection of ROS as a marker of tissue response to ischemia and a precursor to angiogenesis and remodeling. The synthesized molecular probe, initially a non-fluorescent hydrocyanine conjugated to polyethylene glycol, converts to a highly fluorescent cyanine reporter upon oxidation. Procedures: The probe was applied in a preclinical mouse model for myocardial infarction, where ligation and removal of a portion of the femoral artery in the hindlimb resulted in temporary ischemia followed by angiogenesis and healing. Results: The observed increase in fluorescence intensity was approximately sixfold over 24 h in the ischemic tissue relative to the uninjured control limb and was attributed to the higher concentration of ROS in the ischemic tissue.
Introduction
A ngiogenesis, the process of reperfusion via the budding of new capillaries from nearby existing vessels, is essential for recovery from myocardial infarction (MI) [1, 2] . Non-invasive monitoring of the healing process in a clinical setting is highly desired. It would offer a method to stage recovery and individualize follow-up care after any type of acute MI [3] . Current imaging modalities measure anatomic (CT, MRI), functional (echocardiography), or perfusion (SPECT/ PET) changes to assess healing after ischemic damage [3] . These clinical modalities lack sensitivity to early molecular signatures of damage and the healing response, although new contrast agents are being investigated [3] . Detection of molecular events that signal positive or negative healing responses would greatly benefit treatment of patients with cardiovascular disease.
Accumulated evidence suggests that reactive oxygen species (ROS) in ischemia reperfusion mediate a variety of growth-related responses including angiogenesis [4, 5] . A number of chemical factors are released upon vascular injury that can attract macrophages to the site of damage [6] . As a result, macrophages play a critical role in the early stages of angiogenesis. They are involved in production of cytokines which draw angiogenic precursors to break down extracellular matrix (ECM) and release ECM-embedded factors such as VEGF which stimulates formation of new capillaries [5] . A fundamental component of macrophage physiology is the release of ROS via the "respiratory burst" [5, 7] . A high concentration of these species immediately after injury has been confirmed in both animal models and human tissues [5] . We hypothesized that the level of ROS in the affected tissue correlates with the inflammatory and angiogenic processes, thus providing a surrogate marker for early assessment of the healing process after MI.
Fluorescent probes which detect ROS have long been utilized for studying oxidative processes in cell-based microscopy and enzymatic assays. Recently, near-infrared hydrocyanine probes ("OFF-ON" dyes) have been reported as sensors for ROS in vitro and in vivo [8] [9] [10] . The concept of this approach is based on the following: in the reduced protonated form, the conjugated electron system of the hydrocyanine is separated by an sp 3 carbon forming a colorless and, hence, non-fluorescent ("OFF") form of the dye. Upon oxidation and deprotonation, all cyanine carbons regain sp 2 hybridization, the conjugated system is restored, and the molecule recovers fluorescence ("ON"). In the work described herein, a novel hydrocyanine-based construct for detection of ROS in an animal model of MI is reported. The construct is composed of a hydrocyanine dye covalently conjugated to a medium-length polyethylene glycol (PEG) to prolong circulation time and increase the opportunity for oxidation. The ROS sensor construct was evaluated in a small animal ischemia model.
Results

Probe Design
The developed ROS probe was comprised of the hydrocyanine form of the recently reported polymethine dye LS601 [11, 12] conjugated to a 40 kD PEG (PEG 40 ). LS601 exhibits increased hydrophilicity and low albumin binding [11] , minimizing non-specific protein interactions [12] . To verify that the hydrocyanine form of a free dye is sensitive to ROS, the fluorescent dye was reduced to its non-fluorescent counterpart LS601R (R stands for reduced) via treatment with sodium borohydride (NaBH 4 ) [13] (Scheme 1). The reaction was monitored by UV/Vis, following the loss of absorbance at ∼750 nm and the appearance of a new absorption peak at ∼400 nm which corresponds to the shortened conjugation system. Oxidation of LS601R with Fenton reagent led to recovery of LS601 and restoration of fluorescence (Fig. S1) .
Having verified the sensitivity of LS601R to ROS, LS601 was preactivated as an N-hydroxysuccinimide (NHS) ester and reacted with methoxy-PEG 40 -amine under standard NHS coupling conditions (Scheme 2). The conjugate, LS601-PEG 40 , was purified via gel filtration chromatography; the fractions were collected and analyzed via fluorescence anisotropy and SDS-PAGE to select the fractions with the highest purity of the product.
Fluorescence anisotropy was used to identify the fractions with minimum amount of the free dye. The method distinguishes high molecular weight conjugated dye from its free form based on the relative rotational velocity of the molecules in solution [14] . Placement of the activatable carboxylic functionality as part of the dye's core ensures minimal independent motion of the probe after conjugation, allowing for utilization of fluorescence anisotropy to monitor the coupling process. We have previously demonstrated that in its free form, the dye anisotropy value is relatively low (∼0.24), yet in an immobile state (glycerol, 4°C), the dye exhibits a limiting anisotropy of ∼0.37 [12] . The values for conjugates depend on the molecular weight and shape of the macromolecule. Since the fluorescence anisotropy is inherently additive, this value has a direct correlation to the purity of the conjugate-free dye contributes to a lower value of fluorescence anisotropy. Based on this rationale, fractions with anisotropy values from 0.28 to 0.31 were selected for SDS-PAGE analysis.
As LS601 contains two symmetrical functional groups for conjugation, collected fractions were further characterized by SDS-PAGE to quantify conjugation and identify the fractional composition as mono or bis product formed during the coupling reaction (Fig. 1a) . Based upon analysis of the fluorescence intensity of bands from the fractions selected by anisotropy method, the fluorophores were primarily the result of mono ∼70 % and bis ∼22.5 % addition. Remaining ∼7.5 % Scheme 1. Reduction of fluorescent LS601 to its non-fluorescent hydrocyanine form LS601R.
corresponded to a free dye. These fractions were isolated and converted to the ROS probe.
LS601-PEG 40 was redissolved in PBS buffer and reduced with NaBH 4 to obtain LS601R-PEG 40 conjugates. The reduction appeared complete, with no residual starting material observed as judged by UV/Vis spectroscopy (Fig. 1b) and absence of fluorescence. The resulting "OFF" construct was expected to have similar reactivity with ROS as compared to the free probe and, thus, was used directly for animal studies without in vitro testing.
Animal Studies
Biodistribution of the "ON" LS601-PEG 40 Probe in the Hindlimb Ischemia Model A control, always "ON" fluorescent LS601-PEG 40 , was injected into a hindlimb ischemia model to assess the longitudinal distribution of the dye. Fluorescence imaging data were analyzed using regions of interest (ROI) selected for the distal thigh of the injured and uninjured control limbs. Immediately after probe injection, the fluorescence intensities at both limbs were similar (Figs. 2 and 3 ). As expected for the healthy tissue, the fluorescence intensity decreased over time in the uninjured limb. This decrease was relatively slow due to the long circulation time of the high molecular weight contrast agent. In contrast, the fluorescence intensity in the injured limb increased over the first 4 h with further modest increase between 4 and 24 h. The elevation in intensity (∼2×) can be explained by the enhanced vascular permeability resulting from post-ischemic inflammation and, therefore, the reduced clearance of the agent from the injured tissue. Although the "ON" LS601-PEG 40 can be utilized for evaluating the physical status of vascular membranes, it does not provide information on the molecular status of the healing process. In fact, the large experimental error seen in the injured group demonstrates the biological variability in the healing response between individuals that would be difficult to detect using other methods.
Biodistribution of the "OFF" Probe LS601R-PEG 40 Indicates Inflammation
The hydrocyanine "OFF" probe LS601R-PEG 40 was administered to mice under the same conditions as the "ON" LS601-PEG 40 . In contrast to the previous experiment with "ON" LS601-PEG 40 probe, immediately after injection of the LS601R-PEG 40 , the fluorescence intensities at both limbs were several orders of magnitude lower. In the uninjured limb, the fluorescence immediately after intravenous administration of LS601R-PEG 40 and 24 h later was equivalent to the preinjection values (Fig. 4) . Meanwhile, the fluorescence intensity from the distal thigh of the injured limb increased dramatically after injection with the highest measured intensity, almost sixfold higher than post-injection, occuring at 24 h postinjection (Fig. 4) . This result suggests both activation of the probe due to post-ischemic ROS detection of inflammation and possible accumulation of the probe at the site of injury due to the enhanced permeability and retention effect.
The progressive increase in fluorescence intensity with LS601R-PEG 40 in the ischemic hindlimb allows visualization of ROS in the ischemic tissue. Interestingly, the experimental error was much lower for these groups than for the LS601-PEG 40 groups, indicating that the angiogenic response is not directly correlated with vascular permeability. Further study is warranted to evaluate the connections between ROS and angiogenesis. ) are the most prevalent species. These molecules are highly reactive in biological tissues (residence time less than several seconds [15] ) and rapidly participate in protein, lipid, and RNA/DNA oxidations leading to the formation of other active species such as peroxynitrite (ONOO − , a product of reaction between a superoxide O 2 − and nitric oxide NO). Increased levels of oxidation products at the site of injury are commonly assessed ex vivo via immunohistochemistry for specific markers such as 8-hydroxy-deoxyguanosine (8-OHG, reflecting nucleic acid modifications) and nitrotyrosine (reflecting protein nitration with peroxynitrite). Under oxidative stress, the DNA and RNA deoxyguanosine transforms into its oxidized analog 8-OHG; while tyrosine, upon reaction with peroxynitrite, is converted into its nitrotyrosine form. With known antibodies against 8-OHG and nitrotyrosine, normal tissue is clearly distinguished from the injured. Positive staining distal to the injury for these markers was used to confirm oxidative stress in the tissue and the macrophage's role in angiogenesis in the hindlimb ischemia model.
Specimens of the thigh muscles from both control and ischemic hindlimbs were cut into 10-μm sections and stained for 8-OHG and nitrotyrosine. Staining for 8-OHG showed a mild increase in the level of oxidized DNA in the injured limbs relative to the non-injured controls (Fig. 5) . Staining with anti-nitrotyrosine antibody also showed a mild increase in protein oxidation in the injured limbs ( Fig. 6 and Fig. S2 ). These mild changes in oxidation on histology correspond to the modest increase in fluorescence intensity for LS601R-PEG 40 in the injured versus control hindlimb (Fig. 3) .
Discussion
The extent of ischemic injury which occurs due to events such as coronary blockage is an important prognostic indicator for recovery [1, 2] . After ischemia, inflammation occurs, including invasion of macrophages and subsequent release of cytokines and ROS that induce the process of angiogenesis. Methods that enable evaluation of the inflammatory response will better enable full characterization of the extent of injury and therapeutic interventions. We hypothesized that fluorescent dyes sensitive to ROS concentration would enable detection of ischemia-induced inflammatory response in muscle tissues relative to healthy muscle. To this purpose, long-circulating NIR fluorescent hydrocyanine molecular probes were developed and tested in a mouse model of ischemic injury. Induction of ischemia in the hindlimb of mice by transection of the femoral artery is a favorable model for the study of ischemic injury and healing [16] . Following total excision of the femoral artery, it takes 28 days for the muscles to regain normal perfusion via expansion of collateral circulation [17] . We hypothesized that after tissue ischemia and before evident angiogenesis, the ROS levels would be increased as a result of post-injury inflammatory processes which includes infiltration of the tissue by macrophages and other leukocytes. A simple method for detection of ROS would enable non-invasive visualization of the disease and potentially provide an ample timeframe to study the effects of medical intervention on the process of angiogenesis and tissue healing [16] .
The use of LS601 for coupling to targeting moieties [12] and imaging in vivo [11] has recently been reported. This NIR dye has favorable optical properties, including high brightness and a relatively long fluorescent lifetime (Table 1) . It also has excellent chemical qualities such as chemical stability and high coupling efficiency to macromolecules [12] . We have shown in this study that reduction of LS601-PEG to its hydrocyanine form is effective in the detection of ROS produced by inflammatory cells attracted to an area of ischemia. Further, the "OFF" version of this dye reported the presence of oxidative stress in vivo (Fig. 3) . As redox reactions are diffusion controlled and, therefore, slow relative to the clearance of small, hydrophilic dyes, the reporter was attached to a nonimmunogenic, biocompatible macromolecule, methoxy-PEG 40 -amine to increase circulation time. The use of this larger construct allowed for retention of the probe in acutely injured tissues as a result of increased vascular permeability [18] . The LS601-PEG 40 construct retained hydrophilicity and preferred renal elimination route as indicated by high fluorescence from the bladder region in Fig. 3 . Renal elimination of LS601-PEG 40 and LS601R-PEG 40 conforms to previous observations that linear polymer constructs pass through the glomerulus while globular polymers do not [19, 20] .
Myocardial infarction is a serious disease in which the true extent of injury often cannot be ascertained through anatomical and functional assessment and requires a "wait and see" approach. Early staging of the disease using ROS sensing could provide greater insight to the extent of injury, guiding initial therapy and improving patient outcomes. ROS-sensing agents could be advantageous clinically as prognostic indicators of angiogenesis and healing or through λ abs absorption maximum, λ em emission maximum, ε molar absorptivity at the λ abs , Φ fluorescence quantum yield, τ fluorescence lifetime, χ 2 goodness of fit for two-exponential fit, the major component fraction contribution 996 % endoscopic imaging visualization. Optical imaging for MI would require endoscopic technologies for visualizing fluorescent signals deep within the body and could be used to pinpoint the exact location of ischemic injury. Such improved techniques for angiogenesis detection via the visualization of ROS could permit more precise diagnosis and treatment of ischemic injury after myocardial infarction.
Non-invasive monitoring of ROS also has significant potential to impact clinical management of peripheral ischemic injury and related diseases accessible to currently available and newly developed optical imaging technologies. Planar reflectance imaging utilized in this work enables longitudinal noninvasive imaging over large fields of view for superficial fluorescence measurements [21] . These technologies are being applied for imaging arthritis-related inflammation and for guiding surgical interventions. For diseases deeper in tissues, diffuse optical tomography [22] and photoacoustic tomography [23] enable detection of optical contrast agents as deep as 10 cm below the skin surface. With these technologies, optical imaging with ROS-sensitive molecular probes can be directly applied at the point of care for improved disease assessment and therapeutic decisions.
Summary
Development of fluorescent ROS probes to enable identification of ischemic injury and quantify the extent of angiogenesis could be an invaluable addition to the current imaging modalities for diagnosis, treatment, and monitoring of recovery from MI and/or other types of ischemic injuries. Toward achieving this goal, we have developed novel diagnostic agents for the detection of injury-induced ROS production and tested them in a mouse hindlimb ischemia model. High contrast in the injured tissue as compared to the control non-injured limb demonstrates that the developed ROS probe possesses sufficient sensitivity for in vivo detection of low-level oxidative stress. Further investigation to confirm the prognostic importance of ROS levels in post-ischemia tissues for prediction of healing and responses to therapy is underway.
Methods
Synthesis and Characterization General Information
Common solvents, indocyanine green (ICG), and reagents for synthesis were purchased from Sigma-Aldrich, Alfa Aesar or TCI America and used without further purification. NMR spectra were recorded at room temperature on a Varian 600 MHz instrument, in DMSO with TMS as an internal standard (unless noted otherwise). MilliQ water (Millipore) was used throughout this work. The compounds were analyzed using LC/MS-ESI analysis in the positive mode conducted on a Shimadzu 2010 A LCMS equipped with a UV/Vis detector at different wavelengths using a reversedphase C-18 Vydac column (218TP, 4.6×50 mm) at a flow rate of 0.7 ml/min with a gradient of 10-95 % acetonitrile in water (both solvents contained 0.1 % TFA).
LS601
Synthesis of LS601 was carried out as previously described [11, 12] . LS601R LS601 (0.028 mmol) was dissolved in MeOH (7 ml) and put on ice. NaBH 4 (0.113 mmol) was added to MeOH (0.5 ml) on ice, and the NaBH 4 solution was added drop wise to the dye-methanol solution with stirring. The reaction was monitored by the disappearance of the absorption band at ∼780 nm using UV/Vis spectroscopy. The reaction was then warmed to room temperature with stirring over 20 min. The solvent was removed under vacuum to yield the final product.
Oxidation with Fenton Reagent
Oxidation was conducted directly in a quartz cuvette. The cuvette was placed in a fluorometer. From a fresh stock solution of the dye LS601R 1 mg/ml in DMSO, 5 ul was added to 2 ml of methanol in a cuvette. Emission spectrum of the solution was obtained at excitation of 720 nm and an emission range of 735-950 nm. Hydrogen peroxide (15 μl) of the 100 μM stock solution in water was added to the cuvette while stirring the solution with a magnetic stirbar. Ferrous sulfate stock solution (15 μl) of the 10 mM solution in water was added to the cuvette immediately after hydrogen peroxide addition. Readings were taken at 1, 5, 10, and 15 min after addition of the ferrous sulfate.
LS601-NHS Ester
The procedure was followed from Gustafson et al. [12] . For LS601 (56 mmol) dissolved in DMF (2 ml), N-hydroxysuccinimide (120 mmol) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 120 mmol) were added at once, and the reaction mixture was stirred overnight at room temperature. Diethyl ether (10 ml) was added to the reaction mixture to precipitate the product. The obtained precipitate was re-dissolved in a minimal amount of methanol and further precipitated with ether; precipitation was repeated again to give the desired NHS ester as green solid 
LS601-PEG 40
Methoxy-PEG-amine with molecular weight 40 kD (2.5 μmol) was dissolved in 0.1 M NaHCO 3 buffer (1 ml). LS601-NHS ester (5 μmol) was dissolved in DMSO (100 μl) and added to the PEG solution. The reaction mixture was left shaking at room temperature for 3 h. The conjugate was purified on a Sephadex G-25 column and eluted with water. Fractions were evaluated by fluorescence anisotropy and SDS-PAGE. Selected fractions containing product at the highest concentrations were collected and lyophilized to provide 30 mg of the conjugate.
LS601R-PEG 40
LS601-PEG 40 (0.28 μmol) was dissolved in water (1 ml) and put on ice. NaBH 4 (20 μl of 1 mg/ml solution in water) was added to the PEG solution in 5 μl increments while monitoring by UV/Vis at 20°C. Following addition of 20 μl NaBH 4 , UV/Vis indicated that all dyes have been reduced (Fig. 1) . The reaction was protected from light overnight before in vivo use.
Optical Measurements
UV/Vis spectra of samples were recorded on a Beckman Coulter DU 640 UV/Vis spectrophotometer. Steady-state fluorescence spectra, fluorescence lifetime, and anisotropy were recorded on a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon, Inc.). The photophysical data (steady-state absorption, fluorescence) and lifetime were obtained in DMSO and water. Fluorescence quantum yield of the probe was measured using relative method with ICG as a standard [24] . Fluorescence lifetime of dyes was determined using time-correlated single photon counting technique with NanoLed 700 or 773-nm excitation source as described previously [25] .
Fluorescence anisotropy was measured as described previously [12] .
SDS-PAGE
An SDS-PAGE was run for each conjugate using a Bio-Rad Any KD or 4-20 % Mini-PROTEAN® TGX™ Gel according to the manufacturer protocol (Bio-Rad Laboratories). A Precision Plus Protein All Blue Standard, fluorescent at 710 nm, was used as the ladder (Bio-Rad). The gel was imaged using the Pearl Imager NIR fluorescence small animal imaging system (Li-COR, Lincoln, NE, USA), with excitation at two different wavelengths 685 and 785 nm and corresponding emission collected at 710 and 810 nm, respectively. Three prominent bands corresponding to the free dye (MW G1,000), mono (MW ∼41,000), and bis substituted LS601-PEG 40 (MW ∼82,000) were identified based on the position of the bands relative to the ladder. Quantitative analysis of the gel was carried out using Pearl Cam Software (Li-COR). An equal size region of interest (ROI) was drawn around each band of the gel, within each channel, and the mean intensity for each ROI was measured, and the background subtracted. Relative contribution (A i ) of each band was calculated from fluorescence intensities (F) according to Eq. 1
Animal Studies
All animal studies were conducted in accordance to protocols approved by the Washington University Animal Studies Committee.
Surgical Procedure
Ischemia was induced in the mouse hindlimb through unilateral excision of a segment of the right femoral artery in 6-10-week-old C57B16 black male mice (Harlan) using the technique adapted from previously described methods [17, 26] . Mice were anesthetized using 2 % isoflurane at 1 l/min, and a surgical plane was verified by absence of a toe pinch reflex. Buprenorphine (0.1 mg/kg) was administered subcutaneously before surgery and again 12 h post-surgery. Hair was removed from lower abdomen and ventral surface of both hindlimbs using gentle electric clipping and cream depilatory. Mice were positioned supine on a covered heating pad, and the limbs secured. The right hindlimb was prepped for aseptic surgery by application of betadine and ethanol on cotton swabs (3X). The surgery was performed under a stereomicroscope at ×3-4 magnification. A 1-cm skin incision was made parallel to the body wall in the inguinal area using fine forceps and surgical scissors. The subcutaneous fat pad was bluntly dissected away from the femoral sheath, and then, 7-0 silk ligatures were placed around the femoral artery and vein bundle avoiding the femoral nerve at four sites: distal femoral, perforating artery, epigastric artery, and proximal femoral. Vessels were cut within the ligatures, completely occluding blood flow from the segment of femoral artery and vein between the distal and proximal 7-0 silk knots (Fig. 7) . Finally, we sutured the skin closed with 6-0 nylon sutures in a simple interrupted pattern, administered 0.5 ml saline subcutaneously, discontinued anesthesia, and monitored the mouse's recovery on the heating pad. 
Optical Imaging
Imaging studies were conducted at 3 days post-operation. Mice were anesthetized using 2 % isoflurane at 1 L/min. Contrast agents, LS601-PEG 40 or LS601R-PEG 40 , were administered intravenously via lateral tail vein. Mice were imaged using the Pearl NIR imaging system as described above, immediately post-injection, 1, 4, and 24 h postinjection. After the final scan, anesthetized mice were euthanized via cervical dislocation. Thigh and calf muscle from both control and experimental hindlimbs were collected, snap-frozen in OCT, and stored in −80°C freezer for histological analysis.
Statistical Analysis
Region of interest (ROI) analysis was performed by selecting a thigh region distal to the surgical incision on the NIR fluorescence image, and mean intensity value determined using PearlCam software (LiCor).
Mean intensity values for injured and uninjured limbs were compared for each group using Student's t test with α00.01. Statistical analysis of optical imaging data was performed using Graphpad Prism 5.0.
Histology
Specimens from mouse thigh from control and ischemic hindlimbs were fixed in 4 % paraformaldehyde, embedded in paraffin, and cut with cryostat into 5-μm sections for immunohistochemistry using antibodies specific to 8-OHG (oxidized guanosine) and nitrotyrosine.
